Abstract. Abundance and distribution characteristics of three picophytoplankton groups (Synechococcus, Prochlorococcus and picoeukaryotes), identified by flow cytometer, and two types of picocyanobacteria (phycoerythrin and phycocyanin-rich strains), determined by epifluorescence microscope, were assessed in three contrasting periods in the Pearl River Estuary, South China. The average abundance of picophytoplankon and picocyanobacteria was 10 4 cells mL
Introduction
Estuaries are characterised by gradients of chemical, physical and biological features as a result of river discharge (Lohrenz et al. 1999) . These gradients strongly influence the spatial distribution and temporal abundance of phytoplankton, including picophytoplankton (PP), in estuaries. Picophytoplankton (,2 mm diameter), the smallest photosynthetic organisms, are primarily a feature of offshore oligotrophic environments (Stockner and Antia 1986) , but more recent work indicates that they can also be a major component of coastal and estuarine waters, including nutrient-rich ecosystems (Phlips et al. 1999; Badylak and Phlips 2004) .
As a euryhaline group of PP, Synechococcus (Syn) is considered as an important contributor to primary production in mesotrophic or coastal regions (Campbell et al. 1998; Zubkov et al. 1998; Pan et al. 2007) . As in Florida Bay (Phlips et al. 1999) , peak Syn abundance was approaching 5 Â 10 9 cells L
À1
and appeared to dominate the phytoplankton community. Seasonal variation in this neritic PP is reported to be greatly influenced by irradiance and water temperature, as well as by the increased turbulence, river inflow and suspended matter (Agawin et al. 1998; Tsai et al. 2008) . Picoeukaryotes (Euk) are the most competitive among PP in near-shore waters with abundant river-borne nutrients (Jiao et al. 2005) . Qiu et al. (2010) pointed out that eutrophication in the Pearl River Estuary appeared to promote the growth of Syn and Euk in the adjacent oligotrophic oceanic water. It is widely accepted (e.g. Jochem 2003 ) that Prochlorococcus (Pro) is absent at salinity ,23%. Additionally, Pro is commonly more abundant in oligotrophic waters (Partensky et al. 1999) and can be eliminated in low-salinity and turbid coastal waters, which is opposite to the occurrence of Syn and Euk groups. Several studies (Jiao et al. 2002a (Jiao et al. , 2005 Lin et al. 2010) have established that river inflow has a negative influence on the abundance of Pro populations. As in the Mississippi River Plume, Pro occurred only at the oceanic stations, but did extend further inshore with reduced discharge . However, whether Pro can grow actively in coastal environments or is simply advected by oceanic waters depends on the coastal system. For example, Pro was actively growing inwater-mass movements (Kuroshio and the warm currents) in the East China Sea.
In terms of the composition of the picocyanobacterial assemblage, two major groups can be distinguished on the basis of the presence of the accessory pigment phycoerythrin (PE) or phycocyanin (PC) (Wood et al. 1985) . The alternation of PE-rich vs PC-rich strains appeared to vary with the salinity gradient in a temperate estuary (Iriarte 1993) , i.e. a higher PE : PC ratio was often seen in higher-salinity water. Numerous studies have suggested that PC-rich cells are common only in low-saline waters, whereas PE-rich cells are dominant in oceanic systems (Ray et al. 1989; Kuparinen and Kuosa 1993; Wang et al. 2011) . Vörös et al. (1998) found that the underwater light climate was the most important environmental factor affecting the contribution of PC-rich cells to total picocyanobacteria in lakes.
Past studies have shown how phytoplankton dynamics in the Pearl River Estuary are influenced by seasonal variability of hydrodynamic processes, nutrient and light availability (Huang et al. 2004; Yin et al. 2004 ). However, very few studies have focused on the community dynamics of PP and the response of PP along the environmental gradient in the Pearl River Estuary. In the present paper, we investigated the abundance of three groups of PP (Syn, Pro and Euk), identified by flow cytometry, and two groups (PE-cyanobacteria and PC-cyanobacteria), measured by epifluorescence microscopy. One of the aims of the study was to examine the community structure of PP throughout the estuary-axis in three contrasting periods with diverse river flows, water temperature and other physicochemical features. Another objective was to identify key environmental variables controlling the abundance and spatial variability of different PP classes, and to discuss the possible dynamic mechanisms.
Materials and methods

Study area
The Pearl River Estuary (PRE) has a subtropical climate, with a long summer and a short winter, where the average annual temperature is 21-228C and total rainfall is 1600-2000 mm. The PRE is created by inflows of the Pearl River system to the South China Sea through eight entrances. About 53% of the river runoff empties into the estuary through the four western entrances, namely Humen, Jiaomen, Hongqimen and Hengmen. The Pearl River system is composed of the three main rivers, namely Xijiang (77.90% of the total basin area), Beijiang (10.30%) and Dongjiang (5.96%), and some small rivers (5.84%) draining the PRE. The annual average freshwater discharge from the Pearl River into the PRE is 10 524 m 3 s À1 (Zhao 1990) . A large difference in water discharge between the dry and wet seasons has been observed in this river, with roughly 80% of the annual discharge being delivered to the South China Sea during the wet season (April-September) and 20% entering during the dry season (October-March) (Zhao 1990) . During the warm, wet season, saline water enters the deeper layers of the water column with fresher outflow at the surface; hence, the PRE is highly stratified, with a two-layer structure. However, it is relatively homogeneous throughout the water column in the low-flow winter period.
Station locations and sampling
Three surveys were conducted during August 2010 (high riverflow season, summer), January 2011 (low river-flow season, winter) and August 2011 (extreme drought events occurred) in the PRE (Fig. 1) . Temperature and salinity were recorded in situ with a YSI6600 (Yellow Springs Instrument Co., Yellow Springs, OH) meter. Water samples were collected 0.5 m below the surface and 0.5 m above the bottom by using 5-L Niskin bottles.
Total suspended solids (TSS) were determined by filtering the water samples through preweighed 25 mm Whatman GF/F fibre filters (Whatman, Inc., Florham Park, NJ) that were then dried (at 458C) and weighed to determine the amount in mg L À1 . Phosphate concentration was measured using the spectrophotometric method of Armstrong et al. (1967) . Dissolved inorganic nitrogen (DIN) was the sum of nitrate, nitrite and ammonia. Nitrate (plus nitrite) and ammonium were determined manually following the procedures of Wood et al. (1967) and Slawyk and MacIsaac (1972) , respectively. Silicate was sampled only in two cruises in 2011, also by using the methods of Armstrong et al. (1967) .
Analysis of PP with flow cytometer and epifluorescence microscope Samples for picophytoplankton (PP) were prefiltered through a 20-mm mesh netting. Triplicate samples were fixed with formaldehyde (2% final concentration) for 15 min in 2-mL cryotubes, quick-frozen in liquid nitrogen, and analysed as soon as possible.
In the laboratory, 1-mm yellow-green latex beads (Poly Sciences, Newport Beach, CA) were added to 0.5-mL subsamples as an internal standard and the samples were analysed in a Becton Dickinson FACSCalibur Flow Cytometer (BD Biosciences, San Jose, CA) equipped with an air-cooled argon-ion laser emitting at 488 nm. Samples were run at the medium speed and 15 000 events were acquired in log mode. Abundances were calculated by the ratio metric method from the known amount of added beads, calibrated daily against yellowgreen beads (Poly Sciences, Co.). We differentiated three major PP populations (Synechococcus, Prochlorococcus and pico-eukaryotes) on the basis of orange fluorescence (FL2) vs red fluorescence (FL3) and side scatter vs FL3 signatures. Data were collected, saved, and analysed with CellQUEST software (BD Biosciences).
Epifluorescence microscopy was used to detect picocyanbacteria composed of phycoerythrin-rich (PE) and phycocyanin-rich (PC) types. The preserved subsamples of 2-4 mL, depending on seasons and stations, were filtered onto black 0.2-mm pore-size Nuclepore filters (25-mm diameter, Whatman). Filters were examined using the Olympus BX51 (Olympus Co., Tokyo) microscope equipped with standard blue and green filter combinations. Under blue excitation (excitation 450-490 nm, LP 520), PE-containing cyanobacteria (PE-Cya) fluoresce yellow to orange and when under green excitation (excitation 510-560 nm LP 590), both PE-and PC-rich cyanobacterial (PC-Cya) cells fluoresce an intense red. By switching from one filter set to another, the difference between the total picocyanobacteria enumerated under green excitation minus the total enumerated under blue excitation gives numbers of the PC-Cya (Ray et al. 1989) . At least 30 fields of view and a minimum of 300 cells were counted at Â400 magnification. Counts of the replicated samples were averaged for the representative concentrations.
Statistical analysis
We intended to analyse three of the PP groups (Syn, Euk and Pro) as dependent factors in a linear regression analysis, with water temperature, salinity, water depth, TSS and nutrient (including NO 3 -N, NH 4 -N, DIN, PO 4 -P and SiO 4 -Si) concentrations as independent factors. Because several of the variables were obviously collinear, we performed a principal component analysis and only principal components (PCs) with eigenvalues greater than 1 were retained for further consideration. The factor scores in PCA were used as independent variables and then compared to transformed (log 10 (x þ 1)) abundances of the PP for each season with a stepwise multiple linear regression. Statistical analysis was performed using SPSS Statistics 17.0 for Windows (SPSS Inc., Chicago, IL). A significance level of 0.05 was used. The distribution maps of all parameters were generated using Surfer 9.0 (Golden, Greensboro, NC, USA).
Results
Environmental variables
The average river-discharge data during our surveys from the three major hydrological stations (Gaoyao and Makou in the lower Xijiang, and Sanshui in the lower Beijiang) were 8755, 3222 and 4338 m 3 s À1 for August 2010, January 2011 and August 2011, respectively (http://www.pearlwater.gov.cn: 2010 and 2011 Bulletin). The river discharge data for the summer of 2011 was only slightly higher than the winter value and accounted for half the value of Summer 2010 ( Table 1) .
The mean value of salinity was lowest in August 2010 (14.03%), followed by August 2011 (17.24%) and January 2011 (25.67%). In a typical summer, there was an estuarine gradient along the north-south transect from Station A1 to Station A8. Salinity at Station A1 was ,2% at the surface and reached 18% at Station A8 (Fig. 2a) . The water column was multi-layered from Station A5 to Station A8, indicating tidal-modulated (pulsed) additions of the estuarine plume water in August 2010. In the winter (Fig. 2b) , the difference in salinity between the surface and bottom layers was much smaller. In August 2011 (Fig. 2c ), the estuary plume was much weaker than in the years of normal river flow. Salinity value at the head of the estuary was ,4%. The water column was slightly stratified between Stations A6 and A7, but well mixed downstream, and this structure was similar to the winter pattern. The concentration of TSS (Fig. 3) 2011, respectively) . It exhibited higher values near the river mouth or the west shoal in the three cruises, because the overall movement of diluted water from the estuary into the South China Sea was along the western boundary of the estuary in both summer and winter (Larson et al. 2005) . Generally, the distribution patterns of nitrogen species were similar with that of TSS because the majority of nitrogen and suspended matter was derived from the discharge of the Pearl River. Their concentrations decreased as the riverine water mixed with the shelf water and, hence, the concentration in the northern area was generally higher than that in the southern part (Figs 3, 4a-c) .
The concentration of DIN (Fig. 4a-c ) was close to, or exceeded, 2 mg L À1 at the head of the estuary and decreased sharply to 0.49, 0.16 and 0.21 mg L À1 near the estuary boundary (Staion A8) in the three cruises, respectively. The distribution of silicate (not shown) was similar to that of DIN. Phosphate concentration was much lower in August 2010 than it was in January 2011 and August 2011 ( Fig. 4d-f ). The distribution patterns and concentrations in the two cruises of 2011 were similar, with higher values occurring in the eastern coast and decreasing values along the salinity gradient. The lowest PO 4 -P concentration in the three surveys was also observed in the outer estuary.
Distribution pattern of the five PP groups
By using flow cytometry, we detected Syn, Pro and Euk in the two summer observations (Fig. 5a-c, f-h ), but only Syn and Euk in the winter survey (Fig. 5d, e) . Pro was restricted in the outer estuary and the maximum abundance (1.47 Â 10 5 cells mL À1 ) was found at Station B6 in August 2010 and at Station C5þ (1.39 Â 10 5 cells mL
À1
) in August 2011, respectively. Higher abundance and broader distribution of Pro were detected in the summer of 2011 (Table 1 , Fig. 5c, h) .
The mean values of Syn abundance were 5.47 Â 10 4 , 0.08 Â 10 4 and 5.62 Â 10 4 cells mL À1 in the three surveys, respectively. Generally, Syn was the dominant group in the inner estuary and its cell numbers increased along the estuaryaxis. In the summer of 2010, the maximum value (1.42 Â 10 5 cells mL À1 ) occurred near the estuarine mouth (Station B6) where the salinity was higher (20.4%) and TSS concentration lower (20.2 mg L
). In contrast, in the summer of 2011, the peak Syn abundance was located at Station A8 and south-west of the Neilingding Island. In the winter, Syn density was greatly reduced and concentrated around the west end of the Lantau Island.
Picoeukaryotes (Euk) had a lower abundance than did Syn and Pro, but were the second important group in the upper estuary. Average Euk concentration was 0.40 Â 10 4 , 0.04 Â 10 4 and 0.52 Â 10 4 cells mL À1 in the three surveys, respectively. The highest Euk counts were measured at western end of the Wanshan Islands in the summer of 2010, which followed the winter pattern. In August 2011, the cell abundance of Euk was higher in the upstream of the PRE and decreased downstream (Fig. 5) .
By epifluorescence microscopy, the total abundance of picocyanobacteria was 3.18 Â 10 was the dominant type (Table 1 ) and the mean contribution to the total abundance of picocyanobacteria was almost more than 60% in the inner estuary for the three surveys (Fig. 6) . PE-Cya cell numbers ranged from 0.03 Â 10 4 to 2.53 Â 10 4 cells mL against salinity (Fig. 7) , which showed that PC-rich cells were 20-100-fold more abundant in the upper estuary when salinity was lower than 5%, whereas PE-rich cells were more abundant in the lower estuary when salinity was .20%.
The relationship between PP classes and environmental factors Principal component analysis (PCA) was used to identify key environmental variables that could explain the PP concentration of the three periods. In the summer of 2010, the first principal component (PC1), which explained 58.27% of the variation of the environmental data, was highly loaded with salinity, water depth, NO 3 -N, DIN and PO 4 -P ( Table 2 ). The second component (PC2) explained 16.82% of the variation and was highly correlated with water temperature (T) and NH 4 -N. The third component (PC3) was correlated with TSS alone. Stepwise multiple regression analysis indicated that both Syn and Pro abundances were negatively related to PC1 (Table 3 ). There was a significant relationship between PC2 and Euk. Nine environmental variables were separated into two principal components that explained 88.53% of the variation in the environmental data in January 2011 ( Table 2 ). Factors that loaded most heavily in PC1 included salinity (À0.95), water depth (À0.76), nutrient concentrations and TSS. PC2 explained 13.89% of the total variance, and was highly correlated with T. Syn and Euk were all significantly associated to PC1 (Table 3) .
In August 2011, PCA yielded two principle components with eigenvalues greater than 1 that explained 75.83% of the variance in the environmental data. PC1 positively associated with T, salinity, depth, TSS, NO 3 -N, DIN, PO 4 -P and SiO 4 -Si and explained 64.44% of the total variance in the original variables. PC2 was associated only with NH 4 -N and explained 11.39% of the total variance. Both Syn and Pro were negatively related to PC1, whereas Euk and PC1 were positively correlated. 
Discussion
Syn, Pro and Euk abundances and spatial distribution in three contrasting periods In winter, although the freshwater flushes from the Pearl River were greatly reduced, it appeared that continuous tidal stirring and wind-driven resuspension under the shallow, well mixed conditions were prevailing in the PRE (Wang 2006) . Consequently, TSS concentration was comparatively high (81.43mg L
À1
) in January 2011. In the winter cruise, Pro was below the detectable level and Syn and Euk cell numbers were extremely low, perhaps because of high turbidity and low water temperature. On the basis of both seasonal and latitudinal variations, many workers have been able to establish a positive relationship between the PP abundance and temperature (Putland and Rivkin 1999; Jiao et al. 2005; Pan et al. 2007) . Consistent with previous studies, with increasing water temperature there was also an increase in the PP abundance in our study (Fig. 8) , indicating that temperature was a dominant factor influencing the seasonal dynamics of PP.
Averaged PP abundance in the summer of 2011 was higher than that in the summer of 2010. The rise was largely attributed to an increase of Pro and Euk, whereas average Syn cell numbers were almost equal in the two summers. Mean Pro abundance was 1.00 Â 10 4 cells mL À1 in August 2010 and 1.91 Â 10 4 cells mL À1 in August 2011, respectively. It was obvious that the river input in Summer 2010 (8755 m 3 s
) was greatly decreased. Some extreme drought events (caused by one of the worst La Nina events ever recorded, Sun et al. 2012 ) existed in 2011 summer and then resulted in the lowest level of river discharge for the wet season since 1963 (Zhao 1990 (Zhao 1990) , the river outflow in August 2011 amounted to only 27% of the long-term average. Several studies have implied that river inflows might inhibit the growth of Pro (Chisholm et al. 1992; Jiao et al. 2005) . This was supported in our study (Table 2 ) and in a previous study ) by the negative relationship between Pro abundance and the PC1 component, which was tightly associated with freshwater input. We suggested that the sharp decrease of river flow in the summer of 2011 had less effect on Pro and resulted in an increase in the abundance of Pro.
Although Pro is most abundant in oceanic waters, it is by no means restricted to this habitat (Jiao et al. 2002a) . Pro has been found in coastal areas, such as the plume of the Rhone River (Vaulot et al. 1990) , the Gulf of Aqaba (Lindell and Post 1995) , the Suruga Bay (Shimada et al. 1995) and the coastal and shelf waters of PRE Qiu et al. 2010) . It has generally been accepted that Pro is absent at salinities below 23% (Jochem 2003) . In our study, Pro was restricted to the southernmost stations near the Wanshan Islands where the bottom salinity was ,23% in the summer of 2010, whereas the distribution range was much further north in the summer of 2011. Pro was even present at a salinity ,19% in the middle section of the estuary. In terms of temperature and nutrient boundaries, Pro was usually present only when temperature was .268C, total inorganic nitrogen ,3 mM and phosphate ,0.4 mM in the East China Sea (Jiao et al. 2005) . The DIN threshold was 35 mM in the summer of 2010 and 94 mM in the summer of 2011, respectively, whereas the phosphorus thresholds were 0.2 mM and 1.1 mM in the two summers, respectively, for the presence of Pro in the present study. These concentrations were far beyond the reported nutrient tolerance ranges (Partensky et al. 1999) . Although it was difficult to establish whether Pro could grow locally or was simply advected by oceanic waters, we considered that oligotrophic saline water of the South China Sea enriched with Pro (Huang et al. 2002) pushed the population into the inner estuary. The driving force of the river flow usually keeps the saltwater away. However, during drought conditions, freshwater flow is diminished and bottom oceanic water can intrude farther upstream in the estuary. On this basis, it is reasonable to explain the higher abundance and the wider distribution range in the summer of 2011 compared with those in 2010. Consequently, we speculate that both Pro abundance and horizon distribution were controlled by freshwater outflow and oceanic water invasion.
Numerous seasonal studies have shown that Syn is the most abundant group during warmer months in various estuarine ecosystems, including Chesapeake Bay (Affronti and Marshall 1993) , Southampton Estuary (Iriarte 1993) , Blanes Bay (Agawin et al. 1998 ), Florida Bay (Phlips et al. 1999 , San Francisco Bay (Ning et al. 2000) , Pensacola Bay (Murrell and Lores 2004) , western Pacific coastal ecosystems (Tsai et al. 2008) and the Changjiang Estuary (Pan et al. 2007) . Syn cell density typically ranged from 10 2 to 10 5 cells mL À1 in temperate estuaries and often exceeds 10 6 cells mL À1 in subtropical regions . In our surveys, Syn dominated the PP community during both warm and cold periods. The ranges of Syn abundance in our warm and cold seasons were much narrower than those reported in the PRE by Qiu et al. (2010) Lin et al. (2010) were a consequence of the surveys being conducted further south than the surveys in the present investigation.
Distinct gradients in nutrients, turbidity and salinity are formed across the estuary and corresponding patterns in the distribution of picoplankton could be recognised. As with Pro, the distribution of Syn was also modified by PC1, which indicated that river inflow also had an inhibitory impact on Syn populations (Vaulot and Ning 1988) . In the Changjiang River Estuary, the maximum abundance of Syn (12.22 Â 10 4 cells mL À1 ) occurred at ,150 km from the river mouth, where turbidity was ,5 Formazin turbidity units (FTU), salinity varied from 28% to 32%, and nutrients were largely depleted (Li and Li 2012) . Similar trends were also found in our summer investigations. Highest Syn density occurred near the Wanshan Islands where the physical and nutrient conditions were within the optimal range for Syn growth. It is reported that the Syn surpassed 10 4 cells mL À1 only when the TSS concentration was lower than 5 mg L À1 for the Changjiang River Estuary (Vaulot and Ning 1988) . In the present study, Syn density could surpass 10 4 cells mL À1 even when the TSS was higher than 64.5 mg L
in the inner estuary. The differences between these ecosystems highlight the variability in PP distributions, and the importance of local oceanographic conditions. Picoeukaryotes (Euk) were the least abundant group of the three PP categories in our investigations. Average abundance of Euk in our surveys was within the range of values detected previously in the PRE by Qiu et al. (2010) . In our study, the correlations between the abundance of Euk and the environmental factors in the two summer surveys were opposite to those between the abundance of prokaryotic cells (Pro and Syn) and the environmental factors that had been reported in other coastal studies (Ning et al. 1997; Huang et al. 2003; Lin et al. 2010) . The different spatial distribution pattern between prokaryotic cells and Euk we recorded strongly suggested distinct ecological niches.
In the summer of 2010, the abundance of Euk was found to be positively related to PC2 (including ammonium and water temperature), which is consistent with previous findings. In an incubation experiment conducted in the South China Sea, addition of NH 4 -N induced a great increase of cell abundance in Euk, despite there being abundant NO 3 -N in the water (Jiao et al. 2002a) . The authors suggested that ammonium was the preferred nitrogen source for Euk. However, Euk and PC1 were inversely related with each other in the summer of 2011, which agrees with the finding that Euk were the most competitive PP group in near-shore waters of the East China Sea with abundant river-borne nutrients (Jiao et al. 2005) . In Taiwan Strait and Xiangshan Bay (located on the eastern coast of China), Euk were closely linked with TSS concentration and, hence, their abundance was higher in coastal waters than in offshore waters (Ning et al. 1997; Huang et al. 2003) . Lin et al. (2010) also revealed that the %Euk (of total PP density) in the PRE had a significant positive correlation with TSS. Huang et al. (2003) presumed most of the Euk cells were attached to particulate materials derived from terrigenous detritus. These observations lend further support to the suggestion that Euk in the PRE were mainly controlled by TSS in the summer of 2011. Furthermore, it was clear that the relationships between PP groups and environmental factors were different in different seasons.
Picocyanobacterial abundance, composition and spatial distribution in the three contrasting periods The mean picocyanobacterial abundance in the present study (,10 4 cells mL À1 in summer and ,10 3 cells mL À1 in winter, respectively) was almost one order of magnitude lower than that reported for Chesapeake Bay (,10 5 cells mL À1 , Perkins et al. 1981) and other estuaries (,10 5 cells mL À1 , summarised by Ray et al. 1989) . Generally, PE-Cya absorb green light effectively, whereas PC-Cya absorb red light efficiently (Stomp et al. 2004) . PE-rich cells were predominant in slightly turbid waters and were replaced by PC-rich cells in turbid waters (Stomp et al. 2007) . As in the coastal East China Sea, the abundances of both PC-and PE-Cya were greatly reduced as a result of high levels of runoff in the Changjiang River, since PC-Cya cells upstream were flushed into clear waters with high light penetration, which may lead to poor growth. At the same time, PE-Cya were negatively affected by high loadings of TSS from river water (Huang 2012) . In the present study, lower picocyanobacterial abundance was also detected in the summer of 2010 with a higher river flow, than that in the summer of 2011. Therefore, river runoff may also be a significant factor in regulating the total picocyanobacterial abundance.
There was a clear spatial gradient, with PC-Cya cells dominant in the upper estuary in our surveys. A similar pattern of dominance has been observed in other estuaries, e.g. the York River Estuary, a subestuary of the lower Chesapeake Bay (Ray et al. 1989) , Pensacola Bay (Murrell and Lores 2004) and the Zuari estuary (Mitbavkar et al. 2012) . In the lower York River, PC-rich cells were up to eight-fold more abundant than were PErich cells (Ray et al. 1989) . In Mississippi-Atchafalaya plume waters in the Gulf of Mexico, Dortch (1998) found that PC-rich cells were more abundant than were PE-rich cells at lower salinities. An increasing PC : PE ratio progressing upriver during August was detected in the nearby James River Estuary, with no PE-containing cyanobacteria observed below a salinity of 10% (Haas and Pearl 1988) . These authors indicated that salinity could be an important factor influencing the distribution of PE-and PC-type cyanobacterial cells in estuarine systems. In the present research, the PC : PE ratio was always higher than 50 when salinity was below 5%, and there was a sharp transition in dominance from PC-Cya to PE-Cya at salinities higher than 20% (Fig. 7) . The significant negative correlation observed between PC : PE (or PC-rich strains) and salinity is consistent with the observations in Pensacola Bay and Chesapeake Bay (Murrell and Lores 2004; Wang et al. 2011) .
Conclusions
In our three surveys, the highest density of PP tended to occur during warmer seasons, which may reflect the strong dependence of picoplankton on temperature. The extreme drought that occurred in August 2011 had a positive influence on PP, especially for Pro. We considered that both the abundance and distribution range of Pro were controlled by freshwater outflow and oceanic water inflow. The stronger the intruding forces (or the weaker the freshwater discharge), the further upstream the occurrence of Pro was observed. Syn was the dominant group in the inner estuary. As with Pro, Syn distribution was mainly shaped by freshwater runoff, which revealed a negative effect of river inflow on Syn and Pro. Euk were the least abundant category among PP assemblages in our investigation and showed a completely different relationship with environmental variables compared with that of Syn and Pro, which implied the distinct ecological niches that Euk were adapted to. With respect to picocyanobacteria, a significant negative correlation was observed between PC : PE ratios and salinity, which indicated that salinity could be an important factor influencing the distribution of PE-and PC-type cyanobacterial cells in the PRE.
